Using electromagnetically induced transparency we show how the opto-mechanical systems can be used both as memory elements as well as for the transduction of optical fields. We use a double cavity optomechanical system which facilitates such applications. By tuning the frequency of the second cavity one can produce output fields at a variety of frequencies. We present analytical results for the steady state behavior which is controlled by the power and the detuning of the field driving the second cavity.
I. INTRODUCTION
The design of a good optical memory [1] [2] [3] depends very much on the underlying physical process as well as system used to construct the memory. One needs systems or the storage elements with very long coherence times. The electromagnetically induced transparency (EIT) [4, 5] has become an important physical mechanism to construct optical memories [6] [7] [8] [9] [10] . The optical pulses are stored in atomic coherences among long lived states. Many experiments have demonstrated the working of optical memories using typically atomic vapors. More recently the interest has shifted to other systems. The optomechanical systems (OMS) have very long coherence times and hence one has the possibility of using such systems as optical memories as information is stored in coherent phonons. It was proposed [11] and demonstrated experimentally [12] that one has exact analog of EIT in OMS. Further phonons are generated coherently -this being the analog of the atomic coherence in vapors. Thus EIT in OMS along with the long coherence time for the generated phonons can be used for making optical memories. A recent paper demonstrates the possibility of using OMS as a single photon router [13, 14] . There is also a closely related issue of the transduction of photons [15] i.e. transferring photons of one frequency into another frequency [16, 17] . This process is related to optical memories though there are demonstrations of such a process using the nonlinear process of frequency generation [18] .
In this paper we focus on the optical memories and transduction of electromagnetic fields using OMS. We propose the use of a double cavity OMS which provides one with considerable flexibility as far as the storage and retrieval of photons is concerned. The double cavity OMS also enables us to achieve transduction process to number of different frequencies including, in principle, the possibility of transduction from optical to microwave frequencies.
The organization of the paper is as follows. In section II we introduce the double cavity OMS [19, 20] and present complete dynamical equations for this system. We obtain analytical solutions for the generated coherences and the field amplitudes in the steady state. The double cavity OMS can be used to control the EIT in a single cavity system. In section III we discuss the case when the coupling field (writing fields) and the probe field (signal field) are pulses. We show how the probe field is stored in coherent phonons and how the probe field can be retrieved by applying the reading pulse. We also show that the writing and reading processes are better with super Gaussian pulses [10] . In section IV we discuss distinct advantages of using the double cavity OMS. We discuss the transduction of fields.
II. BASIC MODEL AND EQUATIONS FOR A DOUBLE CAVITY OPTOMECHANICAL SYSTEM
We study the system in Fig. 1 , in which a mechanical resonator, coated with perfect reflecting films on both sides, is coupled to two cavities. The mechanical res- onator is modeled as a harmonic oscillator with mass m, frequency ω m and momentum decay rate γ m . For each of the cavity, we denote its field by a i , frequency ω i and decay rate κ i , i = 1, 2. The field annihilation and creation operators satisfy the commutation relation [a i , a † j ] = δ ij . The probe pulse, or the probe with frequency ω p , is sent into cavity 1. Our model is different from "membrane in the middle" setup [19, 20] , because we are using an oscillating mirror which is 100% reflective on both sides. The two cavities are coupled only via the oscillations of the mechanical mirror which are produced by the applied laser fields E L and E R . Further the two cavities can be in different frequency regimes. We introduce normalized coordinates for the mechanical oscillator with commuta-tion relations [Q, P ] = [x, p]/ = i. The Hamiltonian for the system as shown in Fig. 1 is
This Hamiltonian is to be supplemented by the dissipative terms corresponding to the Brownian motion of the mechanical oscillator and the leakage of the photons from the cavity. We will denote by 2κ i this leakage rate for the ith cavity. Next we define
with L i being the length of the ith cavity. The E terms in (1) denote the coupling of the cavity field to the applied laser fields. The coupling and probe fields are related to the power of the applied laser fields via
The term H diss denotes the damping of the two cavities and the mechanical resonator. We would work in the resolved-sideband regime, in which case ω m ≫ κ i .
It is convenient to remove all the fast frequencies ω L , ω R , ω p from the Hamiltonian by redefining a's as
then the Hamiltonian becomes
Using Eq. (2) we can derive the quantum Langevin equations for the operators Q, P , a i and a † i . However, for the purpose of the present paper, we would work with semiclassical equations so that all operator expectation values are replaced by their mean values. Thus in the rest of the paper, all the quantities Q, P , a i and a † i would be numbers. The equations of motion for these arė
Note that the Eqs. (3)- (6) involve periodically oscillating terms and hence in the long time limit, any of the fields and the mechanical coordinates will have a solution of the form A = +∞ n=−∞ e −inδt A n . The A n 's can be obtained by the Floquet analysis.
We assume that the probe is much weaker than the coupling field, then A n 's can be obtained perturbatively.
In particular, we find the steady state results to first order
where
are the detuning of the coupling laser to the effective cavity frequencies. The Q 0 denotes the displacement of the mechanical resonator under radiation pressure. The cavity field a i0 is the field in the ith cavity at the frequency of the coupling laser. The field a i± is the field at the fre-
, and specifically ω 1+ = ω p . The output fields are defined as
Note that the component a 2+ would yield the output at the frequency ω R + ω p − ω L whereas the component a 2− produces an output at the frequency ω R − ω p + ω L . We would typically consider the situation when ω p is close to the cavity frequency. The field ω L and ω p combine to produce phonons at the frequency ω p − ω L ≈ ω m , i.e. Q + = 0. This is the reason for the production of coherent phonons. For E R = 0, the Eqs. (7)- (14) lead to the well-known results for the single cavity. In particular the equation (11) in the limit of E R = 0 leads to the EIT in OMS [4, 5] . The EIT is the reason that OMS can be used as optical memory elements [11] .
III. STORAGE AND RETRIEVAL OF OPTICAL PULSE IN SINGLE CAVITY OMS
We now discuss how OMS can be used as optical memory elements. The first demonstration of this was given by Fiore et al [17] . We first note that Eq. (11) (E R = 0) leads to a width of the EIT window given by We plot two probe pulses with different width τp = 0.15µs (red dot-dashed curve) and τp = 0.3µs (red dashed curve). The Gaussian coupling pulses have width τL = 0.3µs and their peak power is PL = 1mW. The powers of the output pulses |(2κ1a1+(t) − Ep(t))/Ep| 2 and the mechanical oscillation |κ1Q+(t)/Ep| 2 are normalized to the peak power of the probe pulse, which is much less than the coupling pulses. In the middle and bottom panels, the blue solid curves illustrate the result corresponding to probe pulse with τp = 0.15µs, and the blue dotted curves corresponding to τp = 0.3µs.
Clearly, if the input probe field is a pulse, then its spectral width has to be less than Γ EIT in order to have distortionless propagation of the probe pulse. We next examine propagation of pulses using Eqs. (3)-(6). We substitute solutions in the form n e −inδt A n (t) and obtain time dependent equations for A n (t). These equations are truncated by assuming that |E p (t)| ≪ |E L (t)|. For E p (t) and E L (t), we take Gaussian shapes
where t wr and t rd are the central time of the "writing" and "reading" coupling lasers. We also assume that the width τ L of the coupling laser is no less than the width τ p of the probe pulse. Further, we assume that τ −1 p < Γ EIT . We use the Fourth-order Runge-Kutta method to solve the time dependent equations with Eqs. (18) and (19) as the initial conditions.
We first examine the case when P R = 0. For numerical simulations, we use the following parameters m = 20ng, g/2π = 1.55kHz, γ m /2π = 41kHz, ω m /2π = 51.8MHz, κ/2π = 1.5MHz, λ = 775nm. It should be borne in mind that Eqs. to ensure that the parameters are such that the solutions to (3)-(6) stable. We have checked this using the RouthHurwitz criterion [21] . We also assume that the coupling laser is red detuned with respect to the cavity frequency ω 1 , i.e. ∆ 1 = ω 1 − ω l − g 1 Q 0 ≈ ω m and that the probe has a frequency in resonance with the cavity ω p = ω 1 . We show two typical sets of numerical simulation results in Fig. 2 . In the "coupling" stage, we send in both the coupling laser and the probe probe pulse simultaneously. The width of the coupling laser is τ L = 0.3µs; and the widths of the probe pulses are τ p = 0.3µs (dashed curve and solid curve as corresponding result) and τ p = 0.15µs (dot-dashed curve and dashed curve as corresponding result). Assuming they are both Fourier-limited Gaussian pulses which have time-bandwidth product ∼ 0.44, their spectral widths can be calculated as ∆ω = 0.44/τ p = 2π0.47MHz and 2π0.23MHz for τ p = 0.15µs and 0.3µs, respectively. The peak power of the coupling pulse is P L = 1mW. It produces an EIT window with width Γ EIT = 2π11MHz (Eq. (17)) which is much wider than the spectrum widths of the probe pulses. The optical field in the probe pulses are converted into coherent phonons of the mechanical oscillator as shown in the bottom panel of Fig. 1 . This is because of the coherent process ω p − ω L = ω m . The coherent phonon survives over a time scale of the order of γ 
FIG. 4: (color online)
Numerical simulation of the optical memory using single-cavity OMS when the "reading" cavity frequency ω2 is on resonant, red detuned and blue detuned with the reading laser frequency ωR. The peak power is PL = 1mW for the writing coupling laser and PR = 0.4mW for the reading coupling laser.
of light pulses. We observe that the probe pulse with a larger temporal width τ p = 0.3µs (Γ EIT τ p = 21) is stored better than the pulse with width τ p = 0.15µs (Γ EIT τ p = 10). The conversion to phonons takes more efficiently for τ p = 0.3µs. This then results in better retrieval of the probe pulse. The retrieved peak powers are 0.74|E p | 2 , 0.31|E p | 2 for τ p = 0.3µs and τ p = 0.15µs, respectively.
Earlier work with atomic systems [10] has shown that the storage and retrieval processes are more efficient if the Gaussian pulses are replaced by super-Gaussian pulses.
For β = 4, we have adiabatic switching on and off of the coupling fields. It has a more rectangular tempo profile with sharp edges. Fig. 3 shows the result of numerical simulation using super-Gaussian shaped "writing" and "reading" laser pulses. Comparing Figs. 2 and 3 , we find the super-Gaussian coupling pulses produce a retrieved pulse with sharper front edge and higher peak power 0.79|E p | 2 .
The almost complete recovery of the weak probe pulse is especially significant in the context of single photon optical memories.
IV. STORAGE, RETRIEVAL AND TRANSDUCTION OF FIELDS IN A DOUBLE CAVITY OPTOMECHANICAL SYSTEM
The double-cavity OMS bring a larger flexibility to the optical pulse storage protocol and applications. One can optimize these two independent cavities for their own functions with different parameters, like cavity decay rate, resonance frequency and coupling rate. We display in Figs. 4 and 5 a series of output fields when the second cavity is red detuned, on resonance and blue detuned. We take κ 2 = κ 1 though additional flexibility in the operation of the memory device is possible by making them different. The fields at the output of the second cavity E oR have Stokes and antiStokes components, whose central frequencies are given by ω R ± ω m . They are related the amplitudes a 2+ and a 2− , respectively, by Eq. (16) .
When the second cavity is red detuned, the antiStokes pulse is on resonance with the second cavity whereas the Stokes pulse is far off resonance. This is the reason of very little Stokes output. The antiStokes output can be comparable to the input probe pulse E p depending on the power used to pump the second cavity. With higher applied power, the conversion of phonons to the antiStokes field is more efficient. If the second cavity is on resonance, then, as expected, the generated Stokes and antiStokes are of comparable magnitude [22] . These curves clearly show that using the second cavity on resonance produces better coherent outputs than the case when the second cavity is red detuned. Note that the incident probe has a frequency ω p = ω L + ω m ≈ ω 1 whereas the outputs from the second cavity have frequencies ω 2 ± ω m . We have here phonon induced transduction of photon fields from a frequency ω 1 to frequency ω 2 ± ω m . We also produce two outputs. For the case of the blue detuning of the second cavity ω R ≈ ω 2 +ω m , the generated antiStokes field is far off resonance whereas the Stokes field is on resonance. Therefore very significant amount of the Stokes field is generated. Further the blue detuned laser leads to the generation of the coherent phonons as shown by the Fig. 4 . The nonlinear mixing process involving the field at ω R and phonons at ω m produce the Stokes field at ω 2 . The increase of the phonon excitation can be understood from a quantum mechanical description of the process-the radiation matter interaction for the second cavity is
=(Q † + a † 2 a R + H.c.) + non resonant terms.
This clearly shows how a photon of frequency ω R gets converted into a phonon and a photon of frequency ω 2 . In Fig. 5 , we show the output fields from the second cavity when the field driving the second cavity is large. The idea here is to see how well a very weak pulse applied at the frequency ω p from the left would be recovered. The Fig. 5 shows that the recovery is good. This should be especially relevant for the transduction of single photons. These results show how the coherently generated phonons in the first cavity can be used for the transduction of the optical fields. In case if the second cavity were a microwave cavity driven by microwave field, then one has the possibility of converting incident optical fields into microwave fields.
V. CONCLUSION
In conclusion we have shown how single and double cavity opto-mechanical systems can be used for optical memories and for transduction of the optical fields. We developed the mathematical model and analyzed it both numerically and analytically. As in the case of EIT in atomic vapors, the use of super Gaussian writing pulses is advantageous. We presented results for the dynamics of phonons which are generated coherently. The dynamics of phonons shows clearly how the fields are stored and how these could be converted back into fields with frequencies which depend on the power and the detuning of the fields driving the second cavity. The extension of these results to quantized signal or probe pulses [23, 24] would be interesting and would be presented elsewhere.
